Background A directionally changing shock electrical vector could facilitate defibrillation by depolarizing myocytes with different orientations vis-A-vis the shock field. Such a changing vector can be achieved by a new waveform for transthoracic defibrillation: overlapping sequential pulses. Our purpose was to evaluate this waveform.
Background A directionally changing shock electrical vector could facilitate defibrillation by depolarizing myocytes with different orientations vis-A-vis the shock field. Such a changing vector can be achieved by a new waveform for transthoracic defibrillation: overlapping sequential pulses. Our purpose was to evaluate this waveform.
Methods and Results Ventricular fibrillation was induced in closed-chest dogs. Single and overlapping truncated exponential waveform pulse shocks were then administered from self-adhesive chest electrodes. Single pulse (control) shocks were 7.5-millisecond duration, while the sequential overlapping pulse shocks, using two different pathways, consisted of two pulses, each 5.0-millisecond duration; the second pulse began 2.5 milliseconds after the start of the first pulse and ended 2.5 milliseconds after the end of the first pulse. Thus, the total duration of the sequential overlapping shock was 7.5 milliseconds. During the overlap phase (2.5 milliseconds), the electrical vector orientation is the summation of the individual vectors. Two different electrode placements and corresponding electrical vector orientations were studied: group 1 (n= 14) , left lower chest to right upper chest (pulse 1), overlapped by right lower chest to left upper chest (pulse 2), with the sequence then reversed; and group 2 (n= 11), left chest to right chest (pulse 1) overlapped by dorsal (vertebral column) to ventral (sternum) (pulse 2) with the sequence then reversed. At voltages equivalent to energies of 50, 100, and 150 J, the sequential overlapping pulse shocks achieved higher success rates than the single pulse shocks: At the low energy, 50 J, single pulse shock success rates were 0% (group 2) and 14% (group 1), while the overlapping pulse shocks achieved success rates of 39% (group 2) and 55% (group 1) (P<.05). Similarly , at the highest energy tested, 150 J, single pulse shock success rates were 45% (group 2) and 61% (group 1) , while the overlapping pulse shock success was 91% (group 2) and 95% (group 1) (P<.05). In a third group of dogs (n=3), intracardiac plunge electrodes placed orthogonally in the septum showed that the orthogonal components of intracardiac voltage gradient change varied markedly during the three phases of the sequential overlapping shocks, demonstrating the changing direction of the net electrical vector as the shock proceeded. In a fourth group of dogs (n=5), short-duration (2.5-millisecond) single pulse shocks were compared with longer 7.5-millisecond single pulse shocks and with the sequential overlapping pulse shocks, all at equivalent energies. Despite substantially higher current flow, the 2.5-millisecond-duration single pulse shocks were not more effective than 7.5-millisecond single pulse shocks, and both 2.5-and 7.5-millisecond duration single pulse shocks had markedly inferior success rates compared with the sequential overlapping pulse shocks.
Conclusions Sequential overlapping pulse shock waveforms facilitate defibrillation compared with single pulse shocks of the same total energy. This is due at least in part to the changing orientation of the electrical vector during the multiple pulse shock. (Circulation. 1994; 89.2369 -2379 Key Words * fibrillation arrhythmia * cardiopulmonary resuscitation * electric stimulation T he energy and current requirements for internal (direct heart) defibrillation are reduced by multipulse shocks delivered sequentially over the same or dual pathways.'-5 Whether such multipulse/ multipathway shocks facilitate transthoracic defibrillation is uncertain; initial studies have yielded conflicting results.6'7
The superiority of multipulse/multipathway shocks in achieving defibrillation could be due to several factors. First, multipathway shocks might achieve adequate intracardiac current flow in a higher proportion of the myocardium, thereby terminating ventricular fibrillation (VF). 1, 3, 4, 8, 9 Second, changing the directional vector of the shock by using multiple pulses might facilitate defibrillation, since cardiac fibers and myocytes have directional sensitivity to electrical field stimulation.10-13 A third possibility would be differing and improved access to the population of polarized, hyperpolarized, and recovered cells, rendering more of them depolarized and thus extinguishing the reentrant pathways that sustain fibrillation.
One approach to altering the direction of the electrode vector during the shock might be to administer a dual pulse/dual pathway shock using an overlapping pulse technique -ie, beginning the second pulse (over a different pathway) before the first pulse terminates. from cephalad position). In condition 1, single pulse shocks, the single pulse vector is shown by A. In condition 2, sequential overlapping pulses, the initial pulse vector is shown by A and the terminal pulse vector by C. During the overlap phase of the two pulses, the current vector B represents the directional summation of the two individual pulse vectors A and C; this vector is oriented from a position between the left chest and the vertebral column to a position between the right chest and sternum. In condition 3, the sequence of the two pulses A and C is reversed. Vector B (overlap phase) is unaffected.
fourth intercostal space (cathode, -) (ie, right lower to left upper chest, the opposite of pulse 1) (Fig 2, vector C) . Thus, the sequence of these overlapping pulses was left lower to right upper chest/right lower to left upper chest, with an overlapping current vector oriented caudad/cephalad (Fig 2, vector  B) . The leading-edge voltages of the two pulses were equal.
3. Condition 3 (sequential overlapping) used sequential pulse shocks, the same as condition 2 except that the sequence of the overlapping pulses was reversed, so that pulse 1 current flowed from the right lower chest electrode to the left upper chest electrode, while the pulse 2 current flowed from the left lower chest electrode to the right upper chest electrode.
The single pulse (condition 1) and overlapping sequential pulse shocks (conditions 2 and 3) were compared at equivalent energy levels; the equations given above were used during preliminary "test" shocks to determine the voltage of the pulse(s) that would deliver the desired energies of 50, 100, and 150 J. These leading-edge voltages were then selected by the operator during the experiment.
Group 2 (n=11)
Group 2 studies were begun after the group 1 studies were completed. In these dogs we changed the electrode orientations. Again, four electrodes were used. As shown in Fig 3, one was placed ventrally on the sternum centered on the fourth to fifth intercostal space, one dorsally over the vertebral column at the same interspace level, one on the left lateral chest centered on the midaxillary line at the same interspace level, and one on the right lateral chest on the midaxillary line at the same interspace. As in group 1, three conditions were studied.
1. Condition 1 (single pulse) used single pulse shocks of 7.5-millisecond duration, with current flowing from the electrode on the left lateral chest (anode, +) to the electrode on the right lateral chest (cathode, -) (Fig 3, vector A) .
2. Condition 2 (sequential overlapping) used sequential pulse shocks in which pulse 1 (5-millisecond duration) was directionally similar to the condition 1 (single pulse) shocks (Fig 3, vector A) , while pulse 2 (5-millisecond duration) began 2.5 milliseconds after the start of pulse 1 and ended 2.5 milliseconds after the termination of pulse 1; the current of pulse 2 flowed from the electrode placed dorsally over the vertebral column (anode, +) to the electrode placed ventrally over the sternum (cathode, -) (Fig 3, vector C) . Thus, the sequence of these overlapping pulses was left lateral to right lateral chest/dorsal to ventral, with an overlapping current vector (B) oriented from a point between the left chest and vertebral column to a position between the right chest and the sternum.
3. Condition 3 (sequential overlapping) used sequential pulse shocks, the same as condition 2 except that the sequence of the overlapping pulses was reversed, so that the pulse 1 current flowed from the vertebral column electrode (dorsal) to the sternum electrode (ventral), while the pulse 2 current flowed from the left lateral chest electrode to the right lateral chest electrode.
As in group 1, in these group 2 dogs the single pulse (condition 1) and overlapping sequential shocks (conditions 2 and 3) were compared at equivalent energy levels, using preliminary "test" shocks to determine the leading-edge voltages necessary to deliver desired energies of 50, 100, and 150 J.
In both groups, the single pulse (condition 1) and condition 2 and 3 shocks and the different energy levels were chosen and delivered in random order. For each condition tested, four or five shocks (see below) were given at each of the differing voltages. The percent success at each shock energy was calculated for each dog and then averaged across all dogs; a "successful" shock terminated ventricular fibrillation and restored sinus rhythm and arterial pressure. The first shock was given after 15 seconds of VF; if the first shock failed to terminate VF, a second shock of the same energy was given immediately; if this also failed to terminate VF, a "rescue" shock of 200 to 300 J was immediately applied with a standard defibrillator with handheld paddle electrodes. Such rescue shocks were not used for the calculation of percent success. Since by this protocol a failed fourth shock would be followed immediately by another defibrillation attempt, some dogs received five shocks at some energy levels, while others received four. By this protocol, within each condition the number of separate induced VF episodes could be either two (if both pairs of shocks failed), three (if at least one shock failed), or four (if every shock succeeded).
Each fibrillation/defibrillation sequence was separated by a minimum of 3 minutes to allow a hemodynamic recovery and stabilization. Arterial pressure and heart rate were monitored continuously and recorded before shock and at 3 minutes after shock.
Intracardiac Voltage Gradient Studies: Group 3 (n=3)
This group of dogs followed the groups 1 and 2 studies to better understand the results from those groups. In these dogs, we used a technique developed by Hoyt et al15 to determine mean intracardiac voltage gradients during shocks as a means to quantify relative amount and direction of intracardiac current flow. A median sternotomy was performed, and the heart was exposed. Plunge electrodes were inserted into the interventricular septum, oriented in orthogonal planes. Volt These experiments followed group 3. The purpose of this group of animals was to determine whether the significantly higher percent shock success in terminating VF seen with overlapping pulse shocks in groups 1 and 2 was simply a function of the higher current generated during the overlap phase of the dual pulse shocks. We administered to each animal single pulse shocks, four each, of two different durations: 2.5 milliseconds (matching the duration of the overlap period of the dual shocks) and 7.5 milliseconds (similar to the single pulse shocks used in the other groups). Each animal also received four sequential overlapping shocks similar to groups 1 and 2, in which each shock consisted of two pulses of 5 milliseconds each, the second pulse beginning 2.5 milliseconds after the start of the first pulse, thereby creating a 2.5-millisecond overlap period with a total shock duration of 7.5 milliseconds. The four electrodes were placed on the thorax in an arrangement similar to those in group 2 in that all four were placed on the thorax centered on the same interspace. However, the actual position on the thorax was slightly varied: one electrode was placed on the left dorsal thorax (ie, adjacent to but not overlying the vertebral column), one was placed on the left ventral thorax (adjacent to but not overlying the sternum), and the other two electrode pads were placed in corresponding positions on the right hemithorax. In the single pulse shocks, the current flowed from the left dorsal electrode (anode, +) to the right ventral electrode (cathode, -).
Using procedures similar to those of the earlier groups, we administered preliminary "test" shocks to determine leadingedge voltages necessary to achieve desired energies. However, because of the high leading-edge voltage required to generate a 2.5-millisecond pulse, we were only able to achieve voltages equivalent to nominal 50 J energy in three of these dogs; in the remaining two dogs, the highest achievable energy equivalents were 67 and 75 J.
Statistical Analysis
For groups 1 Data of hemodynamic responses to single pulse (condition 1) shocks versus the sequential overlapping pulse shocks (conditions 2 and 3) at 150 J energy are given in Table 4 . There were no significant differences between the three conditions with regard to heart rate and systolic and diastolic blood pressures at 1 minute after shocks and also at 3 minutes after shocks (for this comparison we used data from first shocks only, and only from those shocks that successfully terminated VF, 
Group 4
The results of these experiments are summarized in Table 6 . As required by the equation relating energy to voltage and current, the short-duration (2.5-millisecond) single pulses had substantially higher leading-edge voltage and current compared with the energy-equivalent 7.5-millisecond single pulse shocks: leading-edge voltage was 1528 V and leading-edge current was 21 A for 2.5-millisecond shocks versus 1089 V and 16 A for 7.5-millisecond shocks (P<.001). Trailing-edge voltages and current were similarly higher. Although the 2.5-millisecond single pulse shocks were of the same duration as the high current overlap portion of the sequential multipulse shocks, the success of the 2.5-millisecond single pulse shock was poor: 5% (1 of 20 shocks) for 2.5-millisecond shocks, and similarly 5% (1 of 20) for 7.5-millisecond shocks. In contrast, the sequential overlapping pulse shocks, given at an equivalent total energy, achieved a far higher success rate of 70% (14 of 20 shocks) (P<.001 versus 2.5-and 7.5-millisecond single pulse shocks).
Discussion
The principal finding of this study was that overlapping dual pathway sequential pulse shocks were more effective in achieving transthoracic defibrillation than single pulse shocks of equivalent energy. Depending on the energy selected and the electrode orientation, success rates of the overlapping shocks were two to three times the success of single pulse shocks.
As early as 1899, Prevost and Batelli18 used multiple pulses in the form of alternating current to achieve defibrillation. Numerous other investigators have used multipulse shocks.1-7,19-25 Sequential dual pulse and/or dual pathway shocks have been found to be superior to single pulse shocks especially for internal (direct epicardial) defibrillation.1-5 A possible explanation for this superiority comes from earlier studies that noted that most internal defibrillation electrodes do not entirely encompass the myocardium; thus, if only a single electrode pair/single pulse shock is used, some portion of the myocardium may be exposed to inadequate current density, resulting in failure to defibrillate."3,4,8,9,21 Using three or more electrodes in pairs (ie, multiple shock pathways) and administering dual pulses could facilitate defibrillation by achieving a higher current density within a greater portion of the myocardium.
Multipulse/multipathway shocks have also been evaluated in transthoracic defibrillation, but the results have been less clear-cut. Schuder et al6,2223 reported that bidirectional rectangular waveforms (single pathway) were superior to unidirectional rectangular waveforms for defibrillation of calves. Bardou et al24 found that sequential damped-sinusoidal waveform shocks administered over orthogonally oriented pathways markedly reduced defibrillation energy requirements. On the other hand, we have previously evaluated a variety of multipulse/multipathway shock configurations, including two 5-millisecond dual pathway sequential shocks similar to the present study but with no overlap (shocks were separated by 0.1-millisecond intervals), simultaneous shocks delivered over dual pathways, and biphasic single pathway shocks. We could not demonstrate improved defibrillation effectiveness or reduced energy requirements of such multishock designs.725 One possible explanation for the difference between sequential shock effectiveness of internal versus transthoracic defibrillation may be that transthoracic shocks are administered from relatively large surface area electrodes separated from the heart by the intrathoracic contents. This may result in a wider current field 1  0  100  100  2  0  100  100  3  0  100  100  4  0  100  100  5  0  75  75  6  0  100  100  7  0  50  75  8  0  100  100  9  0  100  100  10  0  100  100  11  0  50 Why should overlapping pulses facilitate defibrillation when sequential but separated pulses, tested in our previous studies, did not? One effect of overlapping pulses is that three directionally and temporally distinct electrical vectors are created, corresponding to the initial (first pulse), second (overlap phase), and terminal (second pulse) portions of the multipulse shock (Figs 1  and 2) . Thus, the current vector "sweeps" across the myocardium in three distinct vectors, as opposed to the more directionally separated two vectors of sequential nonoverlapping shocks. Our intracardiac plunge electrode studies (group 3, Table 5 ) showed that the degree of voltage gradient change varied markedly from orthogonal plane to plane as the sequential overlapping shock proceeded. This confirms the changing direction of the net electrical vector during this multipulse shock. This is important, since cardiac fibers in the intact heart and isolated cardiomyocytes have directional sensitivity to stimulation by extracellular electrical fields. Bardou et all1 and Tung et a112 showed that the threshold for stimulation of a single cardiac myocyte is substantially greater when the cell is perpendicular rather than parallel to the electrical field. Chen et a113 showed that myocardial fiber orientation vis-a-vis a single strong premature electrical stimulus is important in determining the patterns of activation during the electrical induction of ventricular fibrillation. Frazier et allO demonstrated that because of cardiac muscle anisotropy, an extracellular potential gradient applied along the cardiac cell during electrical diastole results in a lower excitation threshold than if the potential gradient threshold is applied across the cell. It may be that each of the three sequential pulse current vectors results in verses the heart because of shunting by the thoracic cage and the lungs. A second effect of administering overlapping pulse shocks is that the peak intracardiac current achieved during the overlapping phase is higher than during the individual pulses, as directly confirmed by our intracardiac voltage gradient determinations; this higher current was achieved at energies comparable to singlepulse shocks and was demonstrated in each of the three orthogonal planes within the interventricular septum defined by the plunge electrodes. Internal defibrillation studies have suggested that septal current flow is a major determinant of defibrillation success2; thus, the increase in intraseptal current achieved by overlapping pulse shocks may be of particular importance in facilitating defibrillation. However, our group 4 experiments showed that although short-duration single pulse shocks achieved substantially higher currents than longer-duration single pulse shocks (21 versus 16 A, P<.001), shock success was equally poor (5%) with single pulse shocks of either duration. Success was far superior (70%, P<.001) with the sequential overlapping pulse shocks. These data argue that the greater efficacy of the overlapping shocks was due primarily to the directionally changing electrical vector of the overlapping multipulse, multipathway waveform rather than to the higher current achieved during the overlap portion of the sequential overlapping shocks.
Two different four-electrode configurations were tested (groups 1 and 2); in both cases, sequential overlapping shocks achieved higher success rates than single pulse shocks (Tables 1 and 2 ). Thus, the greater efficacy of such overlapping pulse shocks is not dependent on a particular electrode location or pathway.
The shocks in these group 3 dogs (intracardiac voltage gradients) were given at 50 J energy. Single pulse 50 J shocks given to 20-kg dogs have a poor success rate, as shown by us in previous studies7 and this investigation (50 J single pulse shock success in the group 1 dogs in this study was 14% and in group 2 dogs, 0%). Thus, it is not surprising that the single pulse voltage gradients we report in Table 5 range from 0.6 to 5.0 V/cm, lower than the 6-to 10-V/cm range reported by others for successful shocks. 9.21 Differences between the usual clinical conditions of emergency defibrillation and our experimental study should be emphasized. Hypoxia, acid/base abnormalities, and myocardial ischemia, generally present in clinical defibrillation, were carefuly avoided in our experimental model. The human thorax has a smaller anteroposterior diameter than the canine thorax this may importantly influence electrode placement and current flow. Thus, direct extrapolation of our experimental findings to clinical defibrillation may not be possible; whether overlapping sequential pulse shocks facilitate human defibrillation remains to be demonstrated.
